This paper presents the newly established Lidar Calibration Centre, a distributed infrastructure in Europe, whose goal is to offer services for complete characterization and calibration of lidars and ceilometers. Mobile reference lidars, laboratories for testing and characterization of optics and electronics, facilities for inspection and debugging of instruments, as well as for training in good practices are open to users from the scientific community, operational services and private sector. The Lidar Calibration Centre offers support for trans-national access through the EC HORIZON2020 project ACTRIS-2.
INTRODUCTION
Lidars and ceilometers are based on the same principle, but significantly different from the engineering point of view, as they are meant for different applications. However, calibration is one common challenge. Lidars are more complex in terms of laser power, number of detection channels and therefore of the optics and electronics. This helps to obtain more quantitative data products [1] (e.g. backscatter and extinction profiles at several wavelengths, lidar ratios, Angstrom exponents and particle depolarization ratios), however with an uncertainty that has to be well documented. An important contribution to the data uncertainty comes from the instrument's imperfections, which are generally difficult to quantify. Each optical or electronic component has an impact, but they also interact at a certain level, and depend on the environmental conditions. For example, the transmission of the interference filters at the laser wavelength changes with temperature, while the dynamic range of the whole system varies with the laser-telescope alignment, also depending on the temperature.
Lidars operate in different configurations and designs. The quality of the data products depends strongly on the instrument performance and calibration, but a direct calibration is not possible because they measure remotely in ambient conditions. Coupling of the system with the atmosphere is also a disturbing factor. Due to the complexity of the instrument and large variety of designs, systematic errors are difficult to be objectively assessed. On the other hand, data uncertainty is underestimated if systematic errors are not included.
Worldwide, there are several lidar networks, regional or global in scope. EARLINET (the European Aerosol Research Lidar NETwork) was founded in 2000 as a research project for establishing a quantitative, comprehensive, and statistically significant database for the horizontal, vertical, and temporal distribution of aerosols on a continental scale [2] . Since then, EARLINET has collected and published more than 45000 vertical profiles of aerosols [3] , [4] , [5] , [6] , [7] . GALION (the Global Aerosol LIdar Network) strives to determine the vertical component of the spatiotemporal distribution of aerosol properties related to climate forcing and air quality, in a network of ground-based lidar stations [8] . To achieve this goal, homogeneous data products are required. This homogeneity can only be achieved by implementing common calibration procedures and making use of the existing calibration facilities.
Calibration is possible by direct comparison with reference instruments off-and-on, but has to be regularly checked by means of quality assurance (QA) tests applied by properly trained staff.
LICAL INFRASTRUCTURE
The Lidar Calibration Centre (LiCal) is a multiinstallation facility, offering a wide range of possibilities to test and calibrate lidars and ceilometers, starting from the characterization and DOI: 10.1051/ optimization of single components to the assessment of the whole system's performance. It combines a series of direct and remote techniques, involving both the equipment and the operators, to ensure a proper evaluation, maintenance, calibration and operation. Each of the seven installations has a specific role in this process. The reference lidar MUSA operated by the Institute of Methodologies for Environmental Analysis -National Research Council, in Potenza, Italy is a multi-wavelength depolarization Raman with 3 elastic -1064, 532, 355 nm, 2 Raman -607, 387 nm, and linear depolarization ratio at 532 nm. It is the only reference instrument operating simultaneously 3 elastic and 2 Raman channels. The system can be moved to the user site (if the user's lidar is fixed) or can be operated at the host for longer intercomparisons.
The Lidar Calibration Training Laboratory
The availability of the two reference systems provides a good geographical coverage and reduces time delays between demand and supply. This installation delivers full characterization of the optical and electronic components of the lidar transmitter and receiver, which is essential when assessing the instrumental systematic errors.
The Lidar Components Testing Laboratory
The Lidar Remote Quality Assurance (LiReQA) and the Lidar Check-up Unit (LiCheckUnit) are operated by the Meteorological Institute at Ludwig Maximilians University
The Lidar Remote Quality Assurance (LiReQA) operates dedicated software tools (raytracing software for analyzing the transmitter and receiver optics, lidar polarization analysis software, lidar radiation power budget analysis software, analysis of test measurements specialized for individual lidar setups) to perform fault diagnosis of any lidar system.
The Lidar Check-up Unit (LiCheckUnit) is a portable unit (laser power meter, polarization analysis instruments for inspection of transmitter and receiver optics, adapted instruments for checking the alignment of the lidar system, e.g. CCD camera & special optics adapted to the lidar system, lidar pulse simulator for inspection of the detection electronics) which can be used at the user site to inspect and debug the instrument.
LiCal has been set up following a long process for standardization and harmonization of calibration procedures within EARLINET community. Mature techniques were picked up by LiCal and are now offered to the users as services, while research and technological development continues in collaboration with EARLINET and ACTRIS. The techniques and the methodologies used by LiCal emerged from EARLINET's scientific and technological activities.
The services offered by the LiCal infrastructure are part of a complete characterization and optimization of lidar instruments. While the characterization of basic components (laser, optical and electronic parts) is performed at LiCoTest (laser beam characterization, optical and spectral characterization of lenses, filters, mirrors and fiber optics, spectroscopic ellipsometry measurements, polarization measurements, paraxial analysis of optical systems, electronic modules synchronization, stability, response time/speed), the assessment of the overall system's performance is made by a side-by-side comparison with POLIS or MUSA, which are both EARLINET reference mobile lidar systems.
Systematic quality assurance of the optical and electronic chains and fault diagnosis is performed by LiReQA, while users are trained at LiCalTrain to apply the specific tests. Inspection, debugging and optimization of lidars at their site is performed by LiCheckUnit. This activity strongly contributed to increase the number of available quality assured EARLINET data as demonstrated by the large number of publications collected in the last years (a complete list is reported at www.earlinet.org). In particular, EARLINET data have been recently used for aerosol characterization in terms of optical and microphysical properties in conjunction with in situ measurements and transport models (e.g. [9] , [10] , [11] , [12] ).
RESULTS
The long-term EARLINET quality assured database is the basis for climatological studies, 2016 19003 (2016) systematic comparison with models and satellite observations ( [13] , [14] ). New products were derived as further outcome of this calibration activity, e.g the calibrated linear volume depolarization ratio [15] , the particle linear depolarization ratio [16] . At the same time, more and more lidars were upgraded with Raman and depolarization channels, so the number of accesses to LiCal increased as well.
CONCLUSIONS
A Lidar Calibration Centre was recently set-up in Europe. Its task is to provide complete calibration of lidars and ceilometers, and to provide proper tools to assess the instrumental biases. It is a distributed infrastructure, relying on state-of-theart laboratories for testing and characterization of optical and electronic components and blocks, on mobile reference instruments, and on experienced experts for each topic. Training in good practices in lidar operation and maintenance is also provided. The Lidar Calibration Centre serves ACTRIS (Aerosol, Clouds and Trace gases Research InfraStructure), but also other worldwide networks and operators, system and components manufacturers. Open access and support to the users is provided through the HORIZON2020 contract ACTRIS-2.
